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DEVELOPMENT OF ACOUSTIC EMISSION METHODS FOR 
IN-FLIGHT MONITORING OF AIRCRAFT STRUCTURES 
ABSTRACT 
P. H. Hutton and D. K. Lemon 
Battelle, Pacific Northwest Laboratories 
P. O. Box 999 
Richland, WA 99352 
This paper provides an overview of an ongoing program to utilize 
acoustic emission methods to detect fatigue crack growth in aircraft 
structure during operation. Experimental methods including instru-
mentation, test specimens, newly-developed sensors, and experi-
mental procedures used in acquiring acoustic emission waveforms are 
described. Fretting noises are produced at the interfaces between 
7075 aluminum plates and a steel bolt during fatigue cycling of 
three-part joint specimens. A two-channel waveform recorder and 
analyzer records the experimental data for subsequent pattern 
recognition analysis. The observed signals cluster into three 
distinct groups on the sinusoidal load curve. By varying experi-
mental procedures, these groups of signals can be associated with 
crack growth, fretting, and crack opening. 
Another apsect of the project is the development and evaluation 
of two new sensor designs having improved bandwidths. Calibration 
information and performance of these sensors in fatigue test 
monitoring are discussed. It is possible to obtain well-defined 
data sets from joint specimens that can be used in pattern 
recognition analysis. The results of such analysis is given in a 
companion paper. The future direction of this project in leading to 
in-flight AE monitoring of aircraft is also presented. 
INTRODUCTION 
The subject of this paper and the two papers to follow is an 
ongoing program to utilize acoustic emission (AE) methods to detect 
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fatigue crack growth in aircraft structures during operation. The 
work is supported by the Defense Advanced Research Projects Agency 
(DARPA) with the Naval Air Development Center as their agent and 
technical monitor. Battelle Northwest is the primary contractor 
wi th a subcontract to Rockwell International Science Center to 
participate in data analysis. 
The program was reported at this meeting last year, however, a 
brief review of program structure is appropriate. The primary 
thrust of the work is to develop pattern recognition methods to 
isolate AE signals produced by fatigue crack growth in the presence 
of other transient acoustic signals. Thus, by continuous monitoring 
for AE, remote, early detection of fatigue crack growth could be 
accomplished. This would impact aircraft operational availability, 
safety, and maintenance. 
A three phase concept is applied to this effort: 
1) laboratory determination of feasibility, 
2) development of an in-flight AE monitor prototype, and 
3) in-flight testing and demonstration. 
Phase 1 is currently funded with the other two phases contingent on 
the outcome of Phase 1. 
Acoustic data - crack growth AE and various types of noise 
signals - is being produced at Battelle Northwest through testing 
2024 and 7075 aluminum specimens. Pattern recognition analysis of 
the data is being performed at both Battelle and Rockwell Science 
Center. The Australian Aeronautical Research Laboratory is con-
ducting collaborative effort aimed at identifying the physical 
source(s) of AE associated with fatigue crack growth in aircraft 
structural aluminums. 
The remainder of this paper is devoted to experimental methods 
and the resulting data together with a discussion of advanced AE 
sensors developed. Data analysis results are treated in the two 
papers to follow. 
ADVANCED SENSOR DEVELOPMENT 
One type of new sensor was developed under a subcontract to the 
National Bureau of Standards. One such sensor is shown in Figure 1 
(center sensor of three sensors). The active element is a cone of 
PZT-SA ceramic. It is mounted on a brass block which forms the 
active or hot electrical line. The center brass block is mounted 
inside, but insultated from, an aluminum housing. During operation 
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Fig. 1. Photograph of the KYS sensor (left), NBS sensor (center) 
and conventional Battelle sensor (right). 
the aluminum housing is connected to the test specimen which is at 
ground potential. The sensors are pressure coupled to the test 
specimens. One unit has a steel wear plate on the tip of the PZT 
cone. The other sensor uses disposable lead foils for a wear plate. 
Petroleum jelly is used as a couplant. Figure 2 shows the 
calibration data obtained for three different sensors. These 
calibrations were obtained from NBS. It is evident that the NBS 
sensors have a uniform bandwidth and good sensitivity up to 1 MHz. 
For comparison, a conventional sensor built by Battelle is shown in 
Figure 1 and its calibration response is shown in Figure 2. It 
consists of an unbacked 0.140 in. diameter disk of PZT-5A with 2 MHz 
cut frequency. The element is bonded to an alumina disk and encased 
in a brass housing. The NBS sensor is as sensitive as the 
conventional sensor but has a much more uniform response curve. 
The NBS sensors, as supplied to Battelle, contained a unity-gain 
line dr i ver inside the aluminum housing . We found in actual AE 
testing applications that the line driver was not necessary when a 
high-input impedance (470Kohms) amplifier was used. Eliminating the 
line driver significantly reduced the ultimate background electronic 
noise present. 
The second style of advanced sensor was developed by the KYS 
Company (B.T. Khuri-Yakub and Jacque Souquet). It is the sensor on 
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Fig. 2. Calibration in displacement response of the NBS, KYS, and 
Battelle sensors superimposed for comparison. 
the left in Figure 1. The sensor also utilizes a piezoelectr ic 
etement. The exact details of construction are proprietary to KYS 
and hence cannot be discussed in this paper. The calibration 
response of the sensor in shown in Figure 2. It too has better 
uniformity of response than the conventional sensor. It should be 
noted that the KYS sensor was especially designed to operate on 
aluminum. Since it was calibrated on a steel block by NBS, we expect 
that the sensitivity of the KYS sensor to be higher on aluminum than 
that shown in Figure 2. We evaluated both the NBS and KYS sensors on 
an aluminum block using a helium jet source. The spectral responses 
obtained on a spectrum analyzer were essentially identical up to 1 
MHz. 
INSTRUMENT SYSTEM 
The AE Waveform Recording System is a two-channel multipurpose 
instrument for recording of acoustic emission data. The objective 
or function of the system is to provide a means for recording AE 
waveforms and simultaneously measuring and recording other experi-
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mental parameters. For example, an identifying header is recorded 
with each waveform that documents such items as the digitization 
rate and scale, the spec imen number, sensor locations, etc. For each 
waveform the system also determines the position in the load curve 
and the load at the time the AE event occurs, the load rate, as well 
as other AE attributes such as signal peak time, pulse height, 
duration, etc. The system is a flexible and useful tool for studying 
the acoustic emission behavior of materials. A block diagram of 
the system is shown in Fig. 3. 
The basic features and operating characteristics of the system 
are: 
• 2 channel digital recording of AE waveforms; 10 bits x 4096 
points per waveform. 
• 60 dB gain in preamplifiers. An additional 16 to 30 dB gain in 
the signal processors for Channels A, Band P. 
• Zone isolation capability based on a time of flight window that 
can be selected by front panel switches. 
• Transient calculation and recording of peak time, pulse height 
and duration of the waveform from Sensor P. 
• Calculation and recording (at time of emission event) of the 
load position and load value. Maximum and minimum load values 
are also recorded, as well as load frequency rate. 
• Digitization and recording of eight parametric inputs. 
• Recording of test clock time (secs) for each waveform . 
• Triggering selected to operate from a VALID event, or from A or 
B threshold crossing (TOTAL) or threshold crossing of a specific 
channel (A, B or P). 
• Header information and control commands entered through a video 
terminal. A menu of commands and operation is presented to the 
operator. The system may operate in either the manual or 
automatic mode. 
• Check for saturated waveforms. Operator can select option to 
not record saturated waveforms. 
• 
• 
A count is entered in the header for the cumulative number of 
cycles, valid events, total events, and saturated signals. 
The first hit sensor is recorded in the header for each event. 
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Fig. 3. Block diagram of waveform recorder system. 
• Up to five waveforms and headers can be stacked up in a buffer 
if the event rate exceeds the rate at which waveforms can be 
written to tape. Waveforms can be written to tape at a rate of 
I.S/sec. Waveforms can be stored in buffer at a rate of 28/sec. 
EXPERIMENTAL PROGRAM 
A series of fatigue tests were performed with a joint specimen 
of 7075-T6Sl aluminum. The three plates are separated by 0.010 in. 
thick teflon sheets at the fastener area to reduce rubbing noises. 
The bolt is made of 4340 steel. 
The objective of these tests was to control the test such that 
a sample of fretting waveforms and crack-related AE could be 
obtained separately as well as being mixed. It is necessary for the 
pattern recognition development that the experiment provide an 
independent identification of the emission source. 
These tests provided valuable information about the conditions 
under which fretting and crack AE are present. The key feture of the 
instrument system that facilitated identification of the source 
types was the load posi tion record. This feature allows the operator 
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to record the position in the load cycles at which the emissions 
occur. Load positions of 0 and 50 are mean load, 25 is peak load, 75 
is minimum load on the sinusoidal load function. This is illustrated 
in Figure 4. The operator can obtain on the CRT a listing of the 
number of events registered at each point in the load cycle or the 
number of events in successive groups of 5 load position points. 
This latter feature facilitates rapid scanning of results. 
Experiments B14 and B15 were performed to provide experience 
with the fretting and AE behavior of the joint specimens. Based on 
the information obtained in those tests, two additional tests, B16 
and B17, were performed that were intended for use by the analysis 
groups. A more detailed descr iption of the results of exper iment B17 
are given below. There were six distinct phases in experiment B17 
that correspond to different experimental conditions. These six 
phases are summarized in Figure 5. During the first phase of the 
experiment, the three plates were simply joined together with the 
steel bolt. There was no crack or notch in any of the plates, and the 
specimens were not greased at the bolt interfaces. Under these 
conditions the specimen was cycled until fretting emissions became 
evident. These acoustic signals were recorded by the AE instrument 
system. A very distinctive feature of the emissions during this 
period of the testing was the uniform grouping of the emissions in 
the central part of the load curve. This is illustrated in Figure 6, 
which is a histogram of the fretting emissions for phase 1. Phase 2 
of the program occurred after a starter notch had been created in one 
of the outer plates and it had been precracked to a length of 0.017 
inches. Again there was no grease on the bolt to aluminum interface. 
Under these conditions, the specimen was further cycles and events 
were recorded. The histogram of load posi tion information for phase 
2 is shown in Figure 7. The additional significant feature here is 
the presence of events in the 20-30 load range. Since this 
corresponds with the maximum load, it is reasonable that these 
events are associated with crack growth. For phase 3 of the 
experiment, the crack length had increased to 0.084 inches at which 
time another phenomenon appeared to be present. This is shown in 
Figure 8 which is a histogram of the acoustic events recorded during 
this phase. The new feature on this histrogram is the data in the 80-
100 region which is the portion after minimum load and approaching 
mean load. The most plausible explanation for these events is a 
crack interface rubbing phenomenon. Phase 4 of the experiment was 
similar to phase 3 except that the crack length had increased. 
Figure 9 shows the histogram of events during this phase. Signifi-
cant changes occurring are the increase in the relative proportion 
of the rubbing waveforms in the 80-90 load range. The other 
significant change is the natural decrease in fretting that occurred 
in this region. Visual inspection of the aluminum plates clearly 
showed evidence of the corrosion products from fretting in early 
phases of the experiment. However, as the crack grew and relieved 
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Fig. 4. Diagram of sinusoidal load curve and load position values. 
PHASE CONDITIONS CRACK AE FRETTING RUBBING 
1 NO CRACK, NO GREASE • 
2 0.017" 
CRACK, NO GREASE • • 
3 0.084" 
• • CRACK, NO GREASE • 
4 0.156" ,. 
• CRACK, NO GREASE • 
5 0.156" 
CRACK, WITH GREASE • • 
6 RAISED MIN LOAD 
• WITH GREASE 
Fig. 5. Summary of the six phases of Experiment B17. 
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some stresses around the hole, the fretting was reduced. This was 
confirmed by visual examination of the fretting surfaces. Phase 5 of 
the experiment was important in identifying the fretting source. In 
preparation of this phase, the specimen was disassembled, the 
aluminum and steel surfaces were cleaned with 600 grit sandpaper, 
cleaned chemically, and then greased with the lubr icant used for 
greasing the pins in the mechanical testing frame. As shown in 
Figure 10, there was a reduction in the events occurring in the mean 
load range which indicates that the fretting action was stopped by 
the introduction of the grease on the aluminum to steel interfaces. 
The relative proportion of the events in the 75-100 range greatly 
increased in this phase of the program. Phase 6 of the experiment 
was performed to further identify the source of the events occurring 
in the 80-100 load position range. In this phase of the experiment, 
the minimum load was raised from 600 to 2,000 pounds while 
maintaining the maximum load at 6,000 pounds. The concept was that 
if the events are associated with crack rubbing that raising the 
minimum load would prevent crack closure and hence eliminate the 
rubbing noises. As shown in Figure 11, this proved to be the case 
since no events in the 75-100 range were detected during this phase 
of the program. 
CONCLUSIONS 
We conclude from the experimental program carried out that it is 
possible to obtain samples of acoustic emission and fretting 
waveforms in a controlled fashion. It is also possible to identify 
using load position information events occurring from other sources 
which appears to be crack interface rubbing. By varying the 
experimental technique and using the load position information it is 
possible to provide to the pattern recognition analysts data that is 
well characterized as to its source. The future directions of the 
program will be to continue the testing of joint specimens to broaden 
the data base of waveforms obtained from crack growth fretting and 
interface rubbing. One important aspect of future tests will be to 
use the advanced NBS and KYS sensors in parallel with a conventional 
sensor during data recording. Thus one channel will be devoted to 
the conventional sensor and the other channel to one of the advanced 
sensors. In this way the analysis groups will be able to evaluate 
the benefits obtained by employing sensors having broader and more 
uniform bandwidth. 
